Aortic stiffness increases with age and vascular risk factor exposure and is associated with increased risk for structural and functional abnormalities in the brain. High ambient flow and low impedance are thought to sensitize the cerebral microcirculation to harmful effects of excessive pressure and flow pulsatility. However, haemodynamic mechanisms contributing to structural brain lesions and cognitive impairment in the presence of high aortic stiffness remain unclear. We hypothesized that disproportionate stiffening of the proximal aorta as compared with the carotid arteries reduces wave reflection at this important interface and thereby facilitates transmission of excessive pulsatile energy into the cerebral microcirculation, leading to microvascular damage and impaired function. To assess this hypothesis, we evaluated carotid pressure and flow, carotidfemoral pulse wave velocity, brain magnetic resonance images and cognitive scores in participants in the community-based Age, Gene/Environment Susceptibility -Reykjavik study who had no history of stroke, transient ischaemic attack or dementia (n = 668, 378 females, 69-93 years of age). Aortic characteristic impedance was assessed in a random subset (n = 422) and the reflection coefficient at the aorta-carotid interface was computed. Carotid flow pulsatility index was negatively related to the aorta-carotid reflection coefficient (R = À 0.66, P50.001). Carotid pulse pressure, pulsatility index and carotid-femoral pulse wave velocity were each associated with increased risk for silent subcortical infarcts (hazard ratios of 1.62-1.71 per standard deviation, P50.002). Carotid-femoral pulse wave velocity was associated with higher white matter hyperintensity volume (0.108 AE 0.045 SD/SD, P = 0.018). Pulsatility index was associated with lower whole brain ( À0.127 AE 0.037 SD/SD, P50.001), grey matter ( À 0.079 AE 0.038 SD/SD, P = 0.038) and white matter ( À0.128 AE 0.039 SD/SD, P50.001) volumes. Carotid-femoral pulse wave velocity (À 0.095 AE 0.043 SD/SD, P = 0.028) and carotid pulse pressure (À 0.114 AE 0.045 SD/SD, P = 0.013) were associated with lower memory scores. Pulsatility index was associated with lower memory scores ( À0.165 AE 0.039 SD/SD, P50.001), slower processing speed ( À 0.118 AE 0.033 SD/SD, P50.001) and worse performance on tests assessing executive function (À 0.155 AE 0.041 SD/SD, P50.001). When magnetic resonance imaging measures (grey and white matter volumes, white matter hyperintensity volumes and prevalent subcortical infarcts) were included in cognitive models, haemodynamic associations were attenuated or no longer significant, consistent with the hypothesis that increased aortic stiffness and excessive flow pulsatility damage the microcirculation, leading to quantifiable tissue damage and reduced cognitive performance. Marked stiffening of the aorta is associated with reduced wave reflection at the interface between carotid and aorta, transmission of excessive flow pulsatility into the brain, microvascular structural brain damage and lower scores in various cognitive domains.
Introduction
Aortic stiffness increases dramatically with advancing age and is associated with increased risk for major cardiovascular disease events (Laurent et al., 2001 (Laurent et al., , 2003 Meaume et al., 2001; Boutouyrie et al., 2002; Sutton-Tyrrell et al., 2005; MattaceRaso et al., 2006; Willum-Hansen et al., 2006; Mitchell et al., 2010a) , including clinically recognized stroke (Laurent et al., 2003) . In young, healthy adults, the aorta is highly compliant and first-generation arteries are relatively stiff. This abrupt transition from the compliant (low impedance) aorta to the stiff (high impedance) branch vessels represents impedance mismatch. When a traveling wave encounters such a discontinuity, a portion of the pulsatile energy stored in that wave is reflected and therefore is not transmitted into the distal vasculature. Wave reflection at the junction between the normally compliant aorta and relatively stiff muscular arteries represents a protective mechanism that limits transmission of excessive pulsatility into the microcirculation. The magnitude of the reflection coefficient at such a boundary depends on the degree of impedance mismatch between proximal and distal vessels, with a greater difference in impedance producing a larger reflection. A disproportionate increase in aortic impedance with little change or a decrease in muscular artery impedance with advancing age and in the presence of various vascular risk factors leads to progressive impedance matching between aorta and peripheral arteries. Impedance matching reduces the reflection coefficient and hence the amount of wave reflection at the interface between aorta and branch vessels and therefore increases transmission of excessive pulsatile energy into the periphery where it may cause damage (Mitchell et al., 2004a; Mitchell, 2008) .
High flow organs such as the brain and kidneys are particularly sensitive to excessive pressure and flow pulsatility (Mitchell, 2008) . High local blood flow is associated with low microvascular impedance, which facilitates penetration of excessive pulsatile energy into the microvascular bed. Aortic stiffening is associated with microcirculatory remodelling that may serve to limit capillary exposure to excessive pulsatility and also impairs reactivity (Mitchell et al., 2005) , potentially contributing to repeated episodes of microvascular ischaemia and tissue damage. Microvascular ischaemia in the brain manifests as white matter hyperintensities and small, clinically unrecognized focal brain infarcts that ultimately manifest as cognitive impairment and frank dementia.
Thus, microvascular damage and remodelling may represent a mechanistic link between aortic stiffening, brain lesions and cognitive impairment. We hypothesized that disproportionate stiffening of the proximal aorta as compared with the carotid arteries reduces wave reflection at this important interface and therefore facilitates transmission of excessive pulsatile energy into the cerebral microcirculation, leading to microvascular damage and impaired function.
Several studies have evaluated relations between arterial stiffness and various measures of brain structure and function in selected (Scuteri et al., 2007; Henskens et al., 2008; Brandts et al., 2009; Kearney-Schwartz et al., 2009; van Elderen et al., 2010) and community-based samples (Poels et al., 2007; Hashimoto et al., 2008; Waldstein et al., 2008; Elias et al., 2009) . These studies have demonstrated relations between aortic pulse wave velocity or pulse pressure and white matter hyperintensity volume, lacunar infarcts or cognitive function; however, a comprehensive evaluation of relations of pulse wave velocity and pressure and flow pulsatility with segmented brain volumes, subclinical infarcts and cognitive function in an adequately powered community-based sample has not been performed. Therefore, we analysed relations of carotid-femoral pulse wave velocity (CFPWV), central pulse pressure (CPP) and carotid flow pulsatility index with brain structure and function in the community-based Age, Gene/Environment Susceptibility -Reykjavik (AGESReykjavik) study.
Patients and methods

Study participants
The rationale and design of the AGES-Reykjavik study have been presented (Harris et al., 2007) . AGES-Reykjavik originates from the Reykjavik Study, a community-based cohort established in 1967 to prospectively study cardiovascular disease in Iceland. Between 2002 and 2006, a total of 5764 males and females participated in detailed evaluations of cardiovascular, neurocognitive, musculoskeletal and metabolic phenotypes. AGES-Reykjavik was approved by the National Bioethics Committee in Iceland, which acts as the institutional review board for the Icelandic Heart Association (approval number VSN-00-063), and by the National Institute on Ageing Intramural Institutional Review Board. All participants gave written informed consent.
Arterial tonometry was added to the study protocol for all participants beginning January 12, 2005, and continuing through to the end of the examination cycle. Tonometry and carotid blood flow measurements were attempted in 1082 (90%) of the 1204 participants who presented for examination during this time period. Complete tonometry and carotid flow data were obtained in 898 (83%) of the 1082 participants in whom measurements were attempted. From this initial sample of 898 participants, we further excluded cases for the following non-exclusive reasons: missing MRI data (n = 102) or cognitive data (n = 56), or a history of stroke (n = 65), transient ischaemic attack (n = 46) or dementia (n = 25). These exclusions resulted in a final sample of 668 participants who were included in all analyses except as noted in the text.
The study examination was carried out over the course of three clinic visits (Harris et al., 2007) . Cognitive testing was performed during the first clinic visit, whereas tonometry and brain imaging were performed during the second clinic visit. A third clinic visit acquired a number of additional phenotypes and included a formal dementia assessment if indicated by the results of earlier testing. The entire series of examinations was completed in a 4-6 week time interval.
Haemodynamic data acquisition
The haemodynamic protocol has been described . In brief, following 15-20 min of supine posture, auscultatory brachial blood pressure was assessed by using a computer-controlled device that automatically inflated the cuff to a user preset maximum pressure and then precisely controlled deflation at 2 mmHg/s. This device digitized and recorded cuff pressure, electrocardiogram (1000 Hz) and a cuff microphone channel (12 kHz) throughout the inflation and deflation sequence so that all blood pressure measurements could be over-read by the core lab (Cardiovascular Engineering, Inc.). Arterial tonometry with electrocardiogram was obtained from the brachial, radial, femoral and carotid arteries using a custom transducer (Cardiovascular Engineering, Inc.) . Body surface measurements from suprasternal notch to pulse recording sites were obtained by using a fibreglass tape measure for carotid, brachial and radial sites and a caliper for the femoral site. Bilateral common carotid artery images and flows were assessed with an Acuson Sequoia ultrasound system using a duplex linear array probe with an 8.0 MHz imaging frequency and a 4.0 MHz Doppler carrier frequency. In a random subset of approximately half of the participants examined each day, a limited echocardiogram was performed as previously described in order to measure aortic inflow and compute aortic input impedance .
Brain magnetic resonance imaging
All eligible participants were offered a high-resolution brain MRI acquired on a study-dedicated 1.5-T Signa Twinspeed system (General Electric Medical Systems). The imaging protocol has been described (Harris et al., 2007; Scher et al., 2009 ) and included 3D spoiled-gradient recalled T 1 -weighted, fast spin echo proton density/T 2 -weighted, fluid-attenuated inversion recovery (FLAIR) and echo-planar imaging gradient echo T 2 *-weighted sequences. All images were acquired to give full brain coverage with slices angled parallel to the anterior commissure-posterior commissure line in order to give reproducible image views in the oblique-axial plane.
Cognitive function testing
The neuropsychologic battery consisted of nine tests: a modified version of the California Verbal Learning Test (Delis et al., 1987) ; Digits Forward and Backwards (Wechsler, 1955) ; Digit Symbol Substitution Test (Wechsler, 1955) (Folstein et al., 1975) . To assess robust measures of key cognitive domains, we created composite scores based on previous theoretical and empirical work in population-based samples (Schaie et al., 1998; Wilson et al., 1999; De Groot et al., 2000) . The memory composite includes the California Verbal Learning Test immediate and delayed recall. The processing speed composite includes the Digit Symbol Substitution Test, Figure Comparison and . All tests were normally distributed in the cohort and inter-rater reliability was excellent (Spearman's correlations for specific cognitive tests range from 0.96 to 0.99). Composite measures were computed for each test by converting raw scores to standardized z-scores and averaging them across the tests in each composite. A confirmatory factor analysis, previously reported, showed that the fit of the composites was adequate (Saczynski et al., 2008) .
Haemodynamic data analysis
Tonometry waveforms were signal-averaged using the electrocardiogram R-wave as a fiducial point. Systolic and diastolic brachial cuff pressures were used to calibrate peak and trough of the signal-averaged brachial waveform. Diastolic and integrated mean brachial pressures were then used to calibrate carotid, radial and femoral waveforms (Kelly and Fitchett, 1992) . CFPWV and aortic input impedance were calculated as previously described (Mitchell et al., 2002) . Peripheral vascular resistance was calculated by dividing mean arterial pressure by cardiac output. Characteristic impedance was computed in the time domain as the ratio of change in pressure divided by change in flow as assessed from the foot of the respective waveforms to the time when flow reached 95% of peak flow. Characteristic impedance was also expressed as normalized impedance by dividing characteristic impedance by peripheral resistance. Augmentation index was assessed from the carotid pressure waveform (Murgo et al., 1980) . Carotid artery flows were analysed from digitized Doppler audio data using a semi-automated signal-averaging approach as detailed previously (Mitchell et al., 2004b) . Flow spectra were signal-averaged (1000 Hz resolution) using the electrocardiogram as a fiducial point. Flow velocities were multiplied by carotid artery cross-sectional area to obtain volume flows. Carotid pulsatility index was computed for each carotid by dividing the flow pulse amplitude (peak flow minus flow at the onset of the systolic upstroke) by mean flow. Values for the right and left carotid were averaged. Carotid vascular resistance was calculated by dividing mean arterial pressure by bilateral mean carotid volume flow. Carotid characteristic impedance was calculated by dividing the peak derivative of pressure by the peak derivative of flow (Dujardin and Stone, 1981) . Carotid characteristic impedance was also expressed as normalized impedance by dividing by carotid vascular resistance. A carotid reflection coefficient was computed by modelling bilateral carotid impedance and distal aortic impedance as a bifurcation of the proximal aorta. The reflection coefficient at this junction may be expressed as follows:
, where A is admittance (the reciprocal of impedance) and proximal and distal denote the aorta proximal and distal to the carotid origin, respectively. To estimate distal aortic impedance, we assumed local pulse wave velocity and mean flow velocity were constant in the aorta proximal and distal to the origin of the carotid arteries. Under these conditions,
, where Z denotes impedance and Q denotes mean volume flow.
Brain image analysis
Total brain, white and grey matter, and white matter hyperintensity volumes were computed automatically with an algorithm based on the Montreal Neurological Institute pipeline (Zijdenbos et al., 2002) . The AGES-Reykjavik/Montreal Neurological Institute pipeline has been modified to accommodate full brain coverage including cerebellum and brainstem, multispectral images (T 1 -weighted 3D spoiled-gradient recalled sequence, FLAIR and proton density/T 2 -weighted fast spin echo sequences), high throughput and minimal editing. White matter hyperintensities were considered present in regions where signal intensity was higher than that of normal white and grey matter on both T 2 -weighted and FLAIR images. Total brain volume (an indicator of atrophy) was derived as the percentage of the total tissue volume relative to the intracranial volume. The other brain tissue classes were similarly expressed as a percentage of total intracranial volume.
Infarcts were evaluated as described previously (Saczynski et al., 2009; Scher et al., 2009 ) and defined as a defect of the brain parenchyma with a signal intensity equal to cerebrospinal fluid on all pulse sequences (FLAIR, T 2 -weighted, proton densityweighted). Cortical infarct-like lesions were defined as parenchymal defects involving or limited to the cortical ribbon and surrounded by an area of high signal intensity on FLAIR images. Defects in the subcortical area without a rim or area of high signal intensity on FLAIR, and without evidence of haemosiderin on the T 2 *-weighted echo-planar imaging gradient echo scan were labelled as large Virchow-Robin spaces; these were excluded from the definition of subcortical infarcts. Defects in the subcortical area with evidence of haemosiderin on the T 2 *-weighted echo-planar imaging gradient echo scan were labelled as resorbed haematomas and were also excluded from the definition of subcortical infarcts. Lesions 4 mm or larger were recorded as infarcts except for those in the cerebellum, for which there was no size criterion. Infarcts that spanned two areas were assigned to the location containing the largest measured diameter of the defect regardless of orientation. Quality control procedures included assessments of intraobserver variability every 6 months and assessments for interobserver differences every 3 months. The intraobserver weighted statistics were 0.89 for global white matter lesions and 0.92 for parenchymal defects; the interobserver weighted statistics were 0.71 for global white matter lesions and 0.66 for parenchymal defects. In addition, a 5% random sample was reread by a trained neuroradiologist at Leiden University Medical Centre and differences discussed.
Statistical analysis
Sample characteristics and haemodynamic variables were tabulated separately by sex. Multivariable linear regression analysis was used to assess relations between arterial stiffness variables and continuous measures of brain structure and function. Logistic regression analysis was used to assess relations between arterial stiffness variables and presence of subclinical infarcts. All models adjusted for correlates of arterial function in this sample (Supplementary Table 1 ), including age, height, weight, heart rate, mean arterial pressure, high density lipoprotein cholesterol, glucose, hypertension treatment and statin use. In linear regression models, exposure and outcome variables were standardized by sex. In logistic models, sex was included as an indicator variable. Models assessing measures of cognitive function were further adjusted for education level (elementary, secondary, junior college, university) and score on the Geriatric Depression Scale short form (Sheikh and Yesavage, 1986; Vidal et al., 2010) .
CPP, carotid pulsatility index and augmentation index were natural log transformed and CFPWV was inverted (1000/CFPWV, ms/m) in order to normalize the distributions of these skewed variables prior to regression analysis. Exposure variables and covariates were entered as sex-specific z-scores in all models. The z-score for inverse CFPWV was multiplied by À 1 in order to restore the directionality between increasing z-score and increasing arterial stiffness. Values are presented as mean AE SD except as noted. A two-sided P50.05 was considered significant.
Results
Clinical characteristics of this older (69-93 years of age), community-based sample are presented in Table 1 and haemodynamic variables are presented in Table 2 . Pulse pressure was high, particularly in females, and mean CFPWV was 412 m/s, a level associated with markedly increased cardiovascular disease risk (Mitchell et al., 2010a) . Characteristic impedance of the aorta was high, particularly in females, consistent with their elevated pulse pressure. Carotid characteristic impedance was much higher than aortic because of the smaller size of the carotids. However, normalized carotid impedance remained twice that of the aorta, indicating higher relative impedance to pulsatile flow in the carotids even after accounting for differences in size of the vascular bed. Mismatch between carotid and aortic impedance was associated with a positive but highly variable carotid reflection coefficient (Table 2) , with 95% of the values falling between 0% and 15%. Because of the mismatch between aortic and carotid impedance, carotid pulsatility index was less than half that of the aorta (Table 2 ). Carotid pulsatility index had a strong negative relation with carotid reflection coefficient (Fig. 1) . In contrast, the age-adjusted relations between pulsatility index and CPP (R = 0.33, P50.001) or carotid vascular resistance (R = 0.26, P50.001) were relatively modest, indicating that factors other than pressure pulsatility and local vascular resistance contributed to excessive flow pulsatility. Relations between key arterial measures and vascular risk factors are presented in Supplementary  Table 1 . Each of the vascular stiffness measures was related to age, mean arterial pressure, heart rate and fasting glucose level, with variable relations to other vascular risk factors. Brain MRI results are summarized in Table 3 . Cognitive composites were standardized by sex (mean score 0.0 AE 1.0).
The prevalence of subcortical infarcts increased steeply across tertiles of each of the arterial measures (Fig. 2) . In multivariable adjusted models, 1 SD increments in arterial measures were associated with 62-71% excess risk for prevalent subcortical Figure 1 Relation between carotid pulsatility index and the reflection coefficient at the origin of the carotid arteries, modelled as an effective bifurcation of the aorta into the anterior head circulation (both common carotids) and the rest of the body. As carotid reflection coefficient decreases, representing increased matching between aortic and carotid impedances, carotid flow pulsatility increases steeply. Pulsatility index was natural log transformed. Both variables were centered and standardized by sex (mean = 0 and SD = 1). infarct (Table 4 ). In contrast, none of the arterial measures was associated with prevalent cortical infarcts. Augmentation index was not related to prevalent cortical or subcortical infarcts (P 4 0.5). Since carotid pulsatility index is a ratio, we evaluated the mean and pulsatile components together in a model and found that carotid flow pulse amplitude was associated with doubling of the risk for prevalent subcortical infarction, whereas mean flow was not associated with risk (Table 4) . In a stepwise model that offered all three arterial measures, CFPWV and carotid pulsatility index entered together, suggesting that these related but distinct measures of vascular function contribute separately to the prevalence of subcortical infarcts (Table 4) . Relations between quantitative measures of brain structure and vascular measures are presented in the upper section of Table 5 . Higher CFPWV was associated with higher white matter hyperintensity volume. Higher carotid pulsatility index was associated with lower total brain parenchyma, grey and particularly white matter volumes but was not related to white matter hyperintensity volume. Augmentation index was not associated with segmented brain volumes (Supplementary Table 2 ). When mean and pulsatile components of carotid flow were considered jointly, total brain parenchyma and grey matter volumes were related only to mean flow, whereas white matter volume was related to both flow components (Supplementary Table 2) .
Relations between cognitive scores and vascular measures are presented in the lower section of Table 5 . CFPWV and CPP were associated with lower memory scores only while carotid pulsatility index was strongly associated with reduced function in all three cognitive domains (Table 5) . Augmentation index was not related to cognitive measures (Supplementary Table 2 ). In a model that included mean and pulsatile components of carotid flow together, both components were related to scores in each of the cognitive domains (Supplementary Table 2 ). When measures of brain structure (grey and white matter volumes, white matter hyperintensity volumes and prevalent subcortical infarcts) were included in memory models, associations with CPP (P = 0.028) and the carotid All models adjusted for age, sex, height, weight, heart rate, mean arterial pressure, high-density lipoprotein cholesterol, glucose, hypertension treatment and statin use. a Inverse transformed, standardized by sex and multiplied by À1. b Natural log transformed and standardized by sex; CI = 95% confidence intervals. PWV = pulse wave velocity. À 4.9 AE 1.0 À4.9 AE 0.9 WMH volume, median (25-75%) (ml) 10 (6-21) 12 (7-23) Infarcts, n (%) Cortical 16 (4) 32 (11) Subcortical 36 (10) 52 (18) Cerebellar 39 (10) 43 (15) flow pulse amplitude (P = 0.001) remained significant, whereas CFPWV was no longer significant (P = 0.1). When MRI measures of brain structure were included in models for executive function and speed, the association of carotid flow pulse amplitude with executive function (P = 0.001) and speed (P = 0.018) were attenuated but remained significant. In secondary analyses, we included indicator variables for diabetes and obesity (body mass index 5 30 kg/m 2 ) and sex-standardized, log-transformed cholesterol and triglyceride levels in the brain structure and function models. Associations between arterial measures and brain measures were not substantively altered by inclusion of these additional covariates.
Discussion
This study provides a detailed assessment of relations between arterial structure and function and brain structure and function in a large community-based sample of older males and females. Primary arterial measures that were assessed included pressure and flow pulsatility and CFPWV. Brain structural measures included grey and white matter and white matter hyperintensity volumes and infarcts assessed by MRI. We also performed comprehensive quantitative cognitive testing and derived summary measures for three major cognitive domains (memory, speed and executive function). We found that higher levels of pressure and flow pulsatility and CFPWV were associated with diffuse microvascular brain lesions, including subcortical infarcts and greater white matter hyperintensity volume, and reduced scores in multiple cognitive domains. We evaluated relations between arterial stiffness and carotid flow pulsatility and showed that disproportionately higher aortic stiffness was associated with progressive impedance matching between aorta and carotids. Resulting loss of the normal impedance mismatch at this interface reduced the carotid reflection coefficient and facilitated transmission of excessive flow pulsatility into the carotid system. Our findings are consistent with the hypothesis that marked proximal aortic stiffening in older people facilitates transmission of excessive pressure and flow pulsatility into the carotid circulation where these abnormal physical forces trigger microvascular damage and remodelling that limits flow or flow reserve, leading to microvascular ischaemia, quantifiable tissue damage and reduced cognitive performance.
As in prior studies, we found relations of higher CFPWV, the current gold standard for assessing aortic stiffness, and higher central pulse pressure with increased prevalence of brain lesions and lower cognitive scores (Hanon et al., 2005; Poels et al., 2007; Scuteri et al., 2007; Waldstein et al., 2008; Elias et al., 2009; Kearney-Schwartz et al., 2009) . Relations between memory scores and CFPWV were no longer significant after adjusting for MRI measures of brain structure, suggesting that increased CFPWV affects memory by contributing to quantifiable structural brain damage, including increased white matter hyperintensity volume and higher prevalence of subcortical infarctions. In memory models that offered CFPWV, central pulse pressure, augmentation index and flow pulsatility index together, only pulsatility index was significant, suggesting that the adverse effects of stiffness and wave reflection are mediated by transmission of excessive flow pulsatility into the cerebral circulation. Furthermore, excessive flow pulsatility is transmitted at high pulse pressure in participants with a stiff aorta, which has a multiplicative effect on the amount of pulsatile energy transmitted into and dissipated within the cerebral microvasculature. Prior studies have shown that increased aortic stiffness and excessive pressure pulsatility are associated with increased resting microvascular resistance and markedly impaired reactivity in response to ischaemic stress in the forearm (Mitchell et al., 2005) . Our observations are consistent with the hypothesis that excessive central pressure and flow pulsatility are also associated with microvascular dysfunction and damage in the brain, leading to parenchymal damage and cognitive impairment. In light of the body of literature demonstrating relations between the arterial measures that we have used and brain structure and function, future observational or interventional studies of cognitive function should consider including CFPWV, central pulse pressure and carotid pulsatility index as part of the clinical evaluation.
Higher carotid pulsatility index is often considered an indicator of increased cerebrovascular resistance. However, we have found that relations between pulsatility index, aortic stiffness and cerebrovascular function are more complex than this simple paradigm suggests. Relations between pulsatility index and pulse pressure or cerebrovascular resistance were relatively modest. In contrast, we have shown that impedance matching between aorta and carotids, as assessed by the carotid reflection coefficient, is closely related to flow pulsatility in the carotid vasculature (Fig. 1) . Excessive pressure and flow pulsatility is associated with microvascular remodelling that increases resting resistance and limits hyperaemic reserve (Mitchell et al., 2005) . The concordant increase in flow pulsatility and cerebrovascular resistance, which limits mean flow, results in additive effects on pulsatility index. These opposite effects of aortic stiffening on pulsatile and mean flow may account for the robust associations between pulsatility index and brain measures, including cognitive function. Wave reflection in the arterial system is often portrayed as deleterious. However, it is important to recall that wave reflection at the interface between a compliant aorta and much stiffer peripheral arteries limits transmission of excessive pulsatile energy into the periphery. We have shown that a disproportionate increase in aortic characteristic impedance as compared with carotid input impedance markedly reduces the amount of wave reflection at this proximal interface and facilitates transmission of increased pulsatility into the carotid circulation. An increase in CFPWV contributes to earlier return of the reflected wave and increased augmentation in younger people with modest elevations of CFPWV (Mitchell et al., 2010b) . However, in older people, marked stiffening of the aorta may reduce wave reflection at the interface between aorta and proximal large arteries throughout the body, similar to the reduction we have demonstrated at the interface between carotids and aorta. The resulting reductions in local and global wave reflection may contribute to the dissociation between augmentation index and measures of aortic stiffness or carotid flow pulsatility and a lack of association between augmentation index and measures of brain structure and function. Thus, in older people, the adverse effects of aortic stiffening are not captured by a measure of global wave reflection, such as augmentation index. Furthermore, loss of proximal wave reflection and increased distal transmission of flow pulsatility may play a major role in target organ damage associated with excessive aortic stiffness.
In our study, CFPWV was related to white matter hyperintensity volume, whereas CPP and pulsatility index were not. Prior studies have shown a relation between aortic PWV and white matter hyperintensity (Henskens et al., 2008; van Elderen et al., 2010) . Increased CFPWV is associated with collagen deposition and fibrosis in the aortic wall . This raises the possibility that the association between CFPWV and white matter hyperintensity may relate, in part, to a general response to tissue injury and repair characterized by excessive fibrosis in the arterial wall and in the white matter of the brain. Alternatively, regions of the brain that are prone to develop white matter hyperintensity may be particularly susceptible to the nature of the haemodynamic insult produced by excessive waveform momentum present when pulse wave velocity is markedly elevated. White matter hyperintensities typically accumulate in regions that are supplied by directly penetrating branches of the deep cerebral circulation (Pantoni and Garcia, 1997) . These vessels differ markedly from the long, circuitous pial network that supplies the cortex and outer white matter. The latter pial vessels dampen pulsatility and decelerate the advancing waveform and hence may provide the cerebral cortex with an additional level of protection from excessive central pressure and flow pulsatility and waveform momentum.
There are limitations of our study that need to be considered. We studied an exclusively older sample with a minimum age of 69 years. In light of known non-linearities between arterial measures and age, additional studies in younger cohorts will be required in order to establish whether associations observed in our older cohort apply in younger samples. Our study employed a cross-sectional design and therefore examined associations; additional work will be required to ascertain whether these associations represent causal relations. We have demonstrated significant and variable wave reflection at the interface between aorta and carotids. Since we measured carotid pressure distal and aortic flow proximal to this interface, we may have variably overestimated aortic characteristic impedance by an average of $6%, which is small relative to the marked increase in characteristic impedance that is seen after midlife. The strengths of our study include a large community-based sample with routine ascertainment of detailed measures of arterial and brain structure and function.
Perspective
The prevalence of abnormal aortic stiffness increases dramatically with age from midlife (Mitchell et al., 2007 (Mitchell et al., , 2010b and is associated with a markedly increased risk for major cardiovascular disease events (Mitchell et al., 2010a) . Aortic stiffening increases exposure of the microcirculation to abnormal physical forces and is associated with microvascular damage, remodelling and impaired reactivity. We have shown that increased aortic stiffness is associated with excessive carotid pressure and flow pulsatility, microvascular brain lesions and reduced performance in multiple cognitive domains. In light of the rapid ageing of the world population, our findings suggest that the burden of arterial stiffness-related disorders, such as cognitive impairment and dementia, may increase substantially over the next decade unless measures are identified and implemented that limit or reduce aortic stiffening with advancing age.
